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Abstract: Plant species ranges are expected to shift in response to climate change, however, it is unclear
how species interactions will affect range shifts. Because of the potential for enemy release of invasive
nonnative plant species from species-specific soil pathogens, invasive plants may be able to shift ranges
more readily than native plant species. Additionally, changing climatic conditions may alter soil micro-
bial functioning, affecting plant–microbe interactions. We evaluated the effects of site, plant–soil microbe
interactions, altered climate, and their interactions on the growth and germination of three congeneric
shrub species, two native to southern and central Florida (Eugenia foetida and E. axillaris), and one
nonnative invasive from south America (E. uniflora). We measured germination and biomass for these
plant species in growth chambers grown under live and sterile soils from two sites within their current
range, and one site in their expected range, simulating current (2010) and predicted future (2050) spring
growing season temperatures in the new range. Soil microbes (microscopic bacteria, fungi, viruses and
other organisms) had a net negative effect on the invasive plant, E. uniflora, across all sites and temper-
ature treatments. This negative response to soil microbes suggests that E. uniflora’s invasive success and
potential for range expansion are due to other contributing factors, e.g. higher germination and growth
relative to native Eugenia. The effect of soil microbes on the native species depended on the geographic
provenance of the microbes, and this may influence range expansion of these native species.
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Plant species ranges are expected to shift in response to climate change, however it is unclear 5 
how species interactions will affect range shifts. Because of the potential for enemy release of 6 
invasive non-native plant species from species-specific soil pathogens, invasive plants may be 7 
able to shift ranges more readily than native plant species. Additionally, changing climatic 8 
conditions may alter soil microbial functioning, affecting plant-microbe interactions. We 9 
evaluated the effects of site, plant-microbe interactions, altered climate, and their interactions on 10 
the growth and germination of three congeneric shrub species, two native to southern and central 11 
Florida (Eugenia foetida and E. axillaris,), and one non-native invasive from south America (E. 12 
uniflora). We measured germination and biomass for these plant species in growth chambers 13 
grown under live and sterile soils from two sites within their current range, and one site in their 14 
expected range, simulating current (2010) and predicted future (2050) spring growing season 15 
temperatures in the new range. Soil microbes (microscopic bacteria, fungi, viruses and other 16 
organisms) had a net negative effect on the invasive plant, Eugenia uniflora, across all sites and 17 
temperature treatments. This negative response to soil microbes suggests that E. uniflora’s 18 
invasive success and potential for range expansion are due to other contributing factors, e.g. 19 
higher germination and growth relative to native Eugenia. The effect of soil microbes on the 20 
native species depended on the geographic provenance of the microbes, and this may influence 21 
range expansion of these native species. 22 
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Understanding species responses to global change will help predict shifts in species 28 
distributions as well as aid in conservation planning and management.  Climate change varies 29 
around the world and concomitant ecological responses are likely to differ by region (Walther et 30 
al. 2002). During the past century, average annual global temperatures for land and ocean 31 
surfaces have increased at a rate near 0.6°C/century, however the trend has been three times 32 
greater since 1976, with some of the largest increases in temperature occurring in the high 33 
latitudes (NOAA Satellite and Information Service 2009).  As the climate changes, most species 34 
have been shifting their ranges poleward, or upward on mountains (Parmesan and Yohe 2003), 35 
however species vary in their ability to shift their ranges (Sorte et al. 2010). Growing evidence 36 
suggests that biotic interactions play key roles in species response to climate change (Guo et al. 37 
2013). Specifically, the study of above- and below-ground biotic interactions are important to 38 
consider in relation to plant range expansion with climate change (van der Putten et al. 2016). In 39 
a literature review of over 600 papers, Tylianakis and coauthors (Tylianakis et al. 2008) revealed 40 
that climate change influences virtually every type of biotic interaction, yet biotic interactions are 41 
rarely incorporated into models of organismal response to climate change (Gilman et al. 2010).  42 
Gilman and colleagues (2010) stressed the importance of assessing the potential effects of novel 43 
interactions precipitated by climate change, suggesting that assessing species demographic 44 
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responses to interactions with species beyond current range boundaries would improve our 45 
ability to understand species range-expanding capacities. 46 
Soil microbial communities are comprised of symbionts and decomposers, which 47 
generally results in positive plant soil feedbacks (PSF) (Ehrenfeld et al. 2005) as well as soil 48 
pathogens, which result in negative PSF (Reinhart and Callaway 2006;  Morris et al. 2007;  49 
Kulmatiski et al. 2008). Nonnative plant species may be able to expand their ranges more readily 50 
than native species because they may have fewer enemies (Klironomos 2002;  Hawkes et al. 51 
2009) as compared to their native range [“enemy release hypothesis” (Keane and Crawley 52 
2002)], maintain the ability to form positive mycorrhizal interactions in their new ranges 53 
(Callaway et al. 2011), receive greater positive impacts in the new range than the native range 54 
[“enhanced mutualism hypothesis” (Reinhart and Callaway 2006;  Callaway et al. 2011)], reduce 55 
local symbionts (Stinson et al. 2006;  Vogelsang and Bever 2009), alter secondary metabolites 56 
(Wardle et al. 1998) and nutrient dynamics in new ranges (Kourtev et al. 1998;  von Holle et al. 57 
2013). Specifically, nonnative plant species may be able to expand their ranges more readily than 58 
native species because they encounter fewer co-evolved root pathogens, the absence of which 59 
may allow greater colonization by generalist mycorrhizal fungi in their new ranges, benefitting 60 
invasive plants (Beckstead and Parker 2003;  van Grunsven et al. 2007;  Hawkes et al. 2010). 61 
Additionally, soil biota may not be able to shift their ranges as quickly as plant species can (Berg 62 
et al. 2010), which may have strong effects on the potential for both native and nonnative plant 63 
range expansion and community composition (van Grunsven et al. 2007;  Engelkes et al. 2008;  64 
van Grunsven et al. 2010).  65 
Warming is expected to benefit plant-mycorrhizal interactions and nutrient cycling, 66 
which will affect plant nutritional status as well as aboveground plant-insect interactions 67 
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(Koricheva et al. 2009).  Microbial responses to warming can be short-lived (Balser et al. 2006), 68 
potentially due to changes in microbial community composition, substrate availability, altered 69 
litter quality, or physiological adjustments of the soil biota (Pritchard 2011).  Soil warming has 70 
been found to promote soil microbial activity, net nitrification rates, P and N mineralization 71 
rates, and total respiration in soil (Andresen et al. 2010). In a meta-analysis of mycorrhizal 72 
response to global change, warming increased mycorrhizal fungal abundance in 63% of the 73 
studies, whereas mycorrhizal activity decreased in 71% of the studies (Mohan et al. 2014). It is 74 
expected that the activity and abundance of soil pathogens will increase with rising temperatures 75 
because their life cycles will be shortened (Bragazza et al. 2013). While there is strong evidence 76 
for an increase in aboveground plant pathogens with warming, little is known about the effects of 77 
warming on below-ground pathogens and their effects on natural plant populations (Van der 78 
Putten et al. 2010). 79 
Our research addressed the question of whether nonnative species will be better potential 80 
range-expanders than native species because of their propensity to have less negative soil 81 
feedback, or a net positive interactions with microbes, after invading a new area (Diez et al. 82 
2010). We hypothesized that the ability of nonnative species to expand their range would be 83 
greater than native species, because of their ability to form positive generalist associations with 84 
soil biota and the likelihood that they will escape species-specific soil enemies (Hawkes 2007).  85 
Further, we predicted that nonnative species would have net positive associations with soil biota, 86 
and that these positive associations will increase outside their range, with plant-microbe 87 
interactions more positive in their new range than in their current range (Callaway and 88 
Aschehoug 2000;  Diez et al. 2010).  Additionally, we assessed whether plant-microbe 89 
interactions for a nonnative species are affected by climate change. We expected that warming 90 
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would enhance nonnative plant growth, and that the effect of warming on plant growth would be 91 
enhanced by plant-microbe interactions because there would be fewer negative interactions from 92 
co-evolved soil pathogens outside of its current range. We expected that native plant species 93 
would have negative plant-microbe interactions in their current range, but that these would 94 
switch to positive plant-microbe interactions outside of their range, because of a lack of 95 
coevolved pathogens in the new range.  96 
Materials and Methods 97 
  Study species 98 
 Closely related native and nonnative species were used for this experiment to control for 99 
species responses that are attributable to phylogeny and isolate the response of plant origin 100 
(native, nonnative) to climate change and soil biota. We chose species from Eugenia, in the 101 
Myrtaceae family, because there are closely-related native and nonnative species of the same 102 
genus and functional group which co-occur in subtropical hammock habitat of Florida (Liu et al. 103 
2007). All three species are relatively abundant throughout Florida (Wunderlin et al. 1996). 104 
These small tree and shrub species are found in subtropical habitats in Florida, central and South 105 
America, and the Caribbean. Eugenia uniflora, or Surinam cherry, is native to Brazil and has 106 
been introduced to much of South America outside of Brazil, in addition to Asia, Australasia-107 
Pacific Region, Europe, and North America (Wunderlin et al. 1996;  ISSG 2016). Eugenia 108 
uniflora associates with arbuscular mycorrhizal fungi (Zangaro et al. 2005).  Eugenia uniflora 109 
was introduced to Florida as an ornamental and for its edible fruit prior to 1931, and has been 110 
widely planted in central and south Florida, especially for hedges (Langeland et al. 2008). 111 
Eugenia uniflora has a high impact on ecological communities (FLEPPC 2017), is able to invade 112 
upland habitat, and is located south of the freeze line in Florida. Eugenia uniflora is considered 113 
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Category I, as designated by the Florida Exotic Pest Plant Council (FLEPPC 2017), which is a 114 
species that causes large ecological damage through the displacement of native species, changing 115 
community structures or ecological functions, or hybridizing with natives.  116 
 117 
 Growth chamber Experiment set up 118 
Changes in growth and germination of our three Eugenia study species was monitored in 119 
pots placed in growth chambers, using upland hammock soils from their current range in Florida 120 
and from their potential climatically-induced expanded range. Central Florida is the current 121 
northern limit of Eugenia species in Florida (Wunderlin and Hansen 2003), and so we chose a 122 
site with hammock habitats that was north and well outside of their current range, as predicted by 123 
the poleward expansion of species (Parmesan and Yohe 2003). Future temperature conditions of 124 
the northern site were estimated with a Low, B1 emission scenario; for a range of SRES 125 
emissions scenarios, and using global climate projections from the Fourth IPCC Assessment 126 
(IPCC 2007;  Girvetz et al. 2009).  Pots were placed in growth chambers where diurnal variation 127 
in daylength and temperatures were simulated, with the high and low daily temperatures 128 
determined by the average daily maximum and minimum temperatures for the month of May in 129 
Jacksonville, FL (Florida Climate Center, Center for Ocean-Atmospheric Prediction Studies), the 130 
northernmost site from where soil was collected. The pots experienced environmental conditions 131 
simulated for current (2010) and future (2050) conditions, with 10 hours of light per day and 132 
30/17 °C and 31/18 °C and day/night temperatures (Table 1a & b). 133 
  134 
  Seed Sampling 135 
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Seeds were haphazardly collected from populations located within Hugh Taylor Birch 136 
State Park, in south Florida, for the one nonnative and two native study species. Seeds were 137 
collected for each species at the peak of seed production for their species. Seeds for the native 138 
species were collected on December 17th, 2011, and seeds for the nonnative Eugenia species 139 
were collected on April 28th, 2012. The fruit covering from each seed was removed by hand and 140 
the seeds were surface sterilized in 5% bleach solution for fifteen minutes, and washed with de-141 
ionized water, prior to planting.  142 
  Soil Sampling 143 
Soil was collected from three hammock habitat sites within each of the central, south, and 144 
north Florida sites. Soil biota was collected in the form of fresh field-collected soil from one of 145 
two sources: the current home range [Central Florida (Cape Canaveral, FL), South Florida (Hugh 146 
Taylor Birch State Park)] or within the projected new range [North Florida (Timucuan 147 
Ecological and Historic Preserve, Florida)]. Soils were collected from all three Florida source 148 
regions within one week prior of the potting date, to ensure viability of the soil microbiota. In the 149 
south and central Florida sites, we collected soil from hammock habitats within natural areas 150 
which were at least 20 meters from Eugenia shrubs or seedlings.  In the north Florida site, we 151 
collected soil from randomly placed transects (using random point generator feature of ArcMap, 152 
ESRI, Redlands, CA) within hammock habitats. Within each of these three sites, two, 10-meter 153 
transects were laid within hammock habitat, at least 5m away from roads. Every two meters, 154 
10cm deep soil samples were collected and placed into a Ziploc bag.  The two, 10 m transects 155 
were parallel and at least 10 m apart. Soil samples were combined within each site, sieved to 2 156 













The soil biota treatment was fresh field-collected soil from each of the central, south, and 168 
north Florida sites. For the control treatment, we sterilized half of these field-collected soils from 169 
the current and new ranges. The sterile soil inoculum was autoclaved three times, and we mixed 170 
the soil in between autoclave events, to ensure sterilization of the soils.  The soil biota and sterile 171 
control inocula comprised 5% of the mass of the pot, to ensure sufficient inoculation of the soil 172 
biota to the pot while also maintaining the same nutrient conditions and soil characteristics 173 
across all treatments (as in Reinhart and Callaway, 2004).  174 
For each species, eight seeds were planted into a minimum of seven, sterile replicate pots 175 
(4 x 4 x 6") filled with sterile potting mix (MetroMix 366 sterile potting soil) and one of two soil 176 
inoculum treatments (sterile, nonsterile), two temperature treatments 2010 (e.g. ‘current’) and 177 
2050 (e.g. ‘future’ temperature conditions at our northernmost site) and three site treatments 178 
(south, central, and north), for a total of 86 pots for the nonnative species and 105 pots each for 179 
the native species. Eight to nine replicate pots per treatment were made for the native species 180 
(Table 1a), and seven replicate pots were made per treatment for the nonnative species (Table 181 
1b), as the native species have lower germination rates, relative to the nonnative Eugenia species 182 
(Stricker and Stiling 2013). The potting dates were the 27th of January, 2012, for the native 183 
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species and the 9th of May, 2012, for the nonnative species, in accord with their fruiting 184 
phenology and when the seeds were collected. After germination, pots were kept in a growth 185 
chamber for the next 12 weeks, to assess growth.  They were watered daily with equal amounts 186 
of water, approximately 15-20 ml.  Pots were rotated daily within the growth chamber, to control 187 
for positional effects. Care was taken to ensure that the soil biota were not cross-contaminated 188 
between pots by using sterile techniques. Germination was monitored weekly until after the 189 
appearance of the first germinant, at which point monitoring occurred daily. Daily monitoring 190 
ceased after the pots were monitored daily for two weeks with no new germination. Two weeks 191 
after germination ceased for each species, we selected a maximum of four seedlings to remain, 192 
and removed all other seedlings from the pot, taking care not to disturb the soil.  Twelve weeks 193 
following initiation of germination, the remaining plants were harvested for total above and 194 
below-ground biomass.  Shoots were cut at ground level and oven-dried separately in paper bags 195 
at 60 °C for 2 days. The roots were carefully washed to remove soil particles and also oven-dried 196 
at 60 °C in paper bags. After drying, shoots and roots were weighed with a precision balance to 197 
determine dry weight.  198 
Statistical Design and Analyses 199 
Our objective was to determine differences in closely related native and nonnative 200 
species responses to soil microbiota under conditions of range expansion and climate change. 201 
The difference in plant performance between the pots that had the living soil inoculum to those 202 
of the sterile controls was due to differences in plant response to soil biota.  Additionally, the 203 
difference in native and nonnative plant performance in its home soils versus its expanded range 204 
soils was used to assess differences in plant-microbe interactions between home and away sites. 205 
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Last, differences in plant performance between temperature treatments can be used to assess 206 
differences in plant-microbe interactions under climate change.  207 
 Nonnative Eugenia  208 
The experimental design for the nonnative Eugenia uniflora was an incomplete split-plot 209 
design with climate as the main plot treatment, growth chambers nested within climate as the 210 
main plots and site and soil as subplot treatments. Total biomass was analyzed with a generalized 211 
linear mixed model (Wolfinger and O'Connell 1993) using SAS/GLIMMIX.  Climate, site and 212 
soil were fixed effects and growth chamber within climate was a random effect.  The distribution 213 
was specified as lognormal and the link was specified as identity.  The estimation method used 214 
was the default RSPL (residual pseudo-likelihood with expansion locus the vector of random 215 
effects solutions). With the pattern of missing combinations of climate, site and soil, it was 216 
determined that all main effects and interactions, except for the three-way interaction, could be 217 
tested for significance. Any significant effects were followed up by appropriate pairwise 218 
comparisons with suitable sequential Bonferroni corrections (Holm 1979).  219 
Native Eugenia  220 
We evaluated current and future climate treatments on the total biomass of Eugenia 221 
axillaris and E. foetida separately, as opposed to together, as was done for the nonnative E. 222 
uniflora.  Within each level of climate, we had a complete three-way factorial experiment with 223 
all combinations of species, site and soil.  Here, we had no replication (multiple growth 224 
chambers) for each level of climate.  Consequently, we could not directly test for climate in 225 
combination with the other factors.  226 
A large number of total biomass values were zero due to the lack of germination of 227 
Eugenia axillaris and E. foetida.  Consequently, a finite mixture model (McLachlan and Peel 228 
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2000) was chosen to analyze the data. A finite mixture model is a weighted average of two or 229 
more models.  We used a two-point mixture distribution where the distribution was degenerate at 230 
zero in the case of no germination and the other was a lognormal distribution, conditional on 231 
germination.  Both individual models are generalized linear models.  The mixing probabilities 232 
were the probability of no germination for the degenerate distribution and the probability of 233 
germination for the lognormal distribution.  234 
The analysis was conducted in two steps, using a hurdle model (Cameron and Trivedi 235 
1998).  Each step included a generalized linear mixed model using SAS/GLIMMIX with species, 236 
site and soil as fixed effects.  Additionally, the estimation method used was LAPLACE 237 
(approximates the marginal likelihood by using the Laplace method) since it more closely 238 
resembled the results of SAS/FMM using dual quasi-Newton optimization. First, the probability 239 
of germination was separately analyzed for each level of climate. The distribution was specified 240 
as binomial and the link was specified as logit.  The second step was the analysis of total 241 
biomass conditional on germination.  In other words, for those seeds that did germinate, i.e., 242 
those that clear the hurdle, the total biomass can then be affected by the treatments. This is 243 
tantamount to eliminating all observations where there was no germination (zero biomass) and 244 
analyzing the remaining responses.  The distribution was binomial with a logit link.  Any 245 
significant effects were followed up by appropriate pairwise comparisons with suitable 246 
sequential Bonferroni corrections (Holm 1979). 247 
Results 248 
Germination of nonnative Eugenia 249 
Eugenia uniflora had high germination success, with 99% of the pots having at least one 250 
germinant, across all treatments. There were no significant differences in germination within site, 251 
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temperature, or soil treatments, according to the generalized linear mixed model of germination 252 
by pot (see Supporting Information, Table 1).  253 
Nonnative Eugenia-microbe interactions 254 
The nonnative Eugenia uniflora had significantly lower biomass when grown in soils 255 
containing soil microbes, indicative of a negative plant-microbe interaction for this species (Fig. 256 
1), and this held across all sites and temperature conditions (Table 2). Soil biota from native 257 
hammock habitats have a negative effect on the growth of nonnative Eugenia uniflora (Fig. 1), 258 
regardless of site and temperature conditions. In the generalized linear mixed model, the 259 
‘site*soil’ term was not significant, suggesting that a negative plant-microbe interaction is 260 
consistent across sites, including outside of its current range, contrary to our hypothesis that 261 
plant-microbe interactions would be positive outside of the current range of this species (Table 262 
2).  263 
 264 
The effects of temperature and site on nonnative Eugenia  265 
The climate*soil term was not significant in the generalized linear mixed model, 266 
suggesting that the net negative effect of the soil biota on nonnative Eugenia growth is similar 267 
for both the future and current temperature treatments. Total biomass of the invasive species 268 
Eugenia uniflora depended on the site and the climatic conditions under which it was grown, as 269 
indicated by the significant climate by site interaction (Table 2). Three separate pair-wise 270 
comparisons of current to future temperature were made for each level of site. P-values of 271 
current versus future temperature at the following sites were: South (0.0144), Central (0.2226), 272 
and North (0.0248). Plants grown in soil from the northern site had significantly greater biomass 273 
when grown in warmer temperatures than in current temperatures (Fig. 2). This relationship 274 
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switched in the southern site, where total biomass of this species was greatest under current 275 
temperatures, as compared to future, warmer temperatures (Fig. 2). Under current temperatures, 276 
there were no statistically significant differences of Eugenia uniflora between sites  [p-values: 277 
South versus Central (0.4026), South versus North (0.1326) and Central versus North (0.5181)]. 278 
When grown under warmer temperatures, Eugenia uniflora had significantly lower biomass in 279 
soils from the southern-most site, as compared to the central and northern sites [p-values: South 280 
versus Central (0.0049**), South versus North (0.0016***) and Central versus North (0.7079)]. 281 
Germination & Biomass of native Eugenia 282 
There were no significant differences in germination between native species, site, or soil 283 
for either level of climate (see Supporting Information, Table 2 a & b). Eighteen percent of 284 
Eugina axillaris-planted pots had at least one seedling germinate, and the pot-level germination 285 
rate of E. foetida was 71%.  286 
Total biomass conditional on germination was separately analyzed for each level of 287 
climate with a generalized linear mixed model. When grown under current temperatures, there 288 
were no significant effects of native species, site or soil on total biomass (see Supporting 289 
Information, Table 3).  Under future climate conditions, there was a significant main effect for 290 
site, a significant two-way interaction between species and site, and more importantly, a 291 
significant three-way interaction between species, site and soil (Table 3).   292 
Total biomass of the native Eugenia axillaris grown in nonsterile soils were higher when 293 
grown in soils from the southern site soils than when grown in soils from the northern site (Fig. 294 
3), suggesting that soil microbes from the southern sites benefit Eugenia axillaris more than soil 295 
microbes from the northern sites, contrary to our hypothesis that plant-microbe interactions 296 
would be positive outside of its current range, as compared to within its current range. When this 297 
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species was grown in sterilized soil from the different sites, total biomass was not significantly 298 
different between the sites. 299 
In the northernmost site, outside of their current range and under future temperature 300 
conditions, Eugenia axillaris had significantly lower biomass than Eugenia foetida when grown 301 
in nonsterile soils (Fig. 3). This suggests that Eugenia foetida benefits more from the soil 302 
microbial community in the new, northern range, than Eugenia axillaris. As indicated by the 303 
significant three-way interaction between species, site and soil (Table 3), these relationships 304 
switched in the southernmost site, where Eugenia axillaris had significantly greater biomass 305 
when grown in nonsterile soils, as compared to Eugenia foetida.  This suggests that in the 306 
southernmost sites where they currently co-occur, Eugenia axillaris is benefitted by the soil 307 
microbes more than Eugenia foetida, under future climatic conditions (Fig. 3).  308 
Discussion 309 
Nonnative Eugenia-microbe interactions 310 
Soil biota from native hammock habitats have a negative effect on the growth of 311 
nonnative Eugenia uniflora, irrespective of site and temperature conditions. Our finding of a 312 
negative plant-microbe interaction across all sites, including outside of its current range, is 313 
contrary to our hypothesis that plant-microbe interactions would be positive for this nonnative 314 
species, especially outside of the current range of this species. The negative plant-microbe 315 
interaction may be due to the absence of enemy release for the nonnative E. uniflora...  316 
Pathogens tend to cluster phylogenetically (Agrawal and Kotanen 2003), and could “hop” from 317 
native to nonnative hosts with relative ease (Parker and Gilbert 2004), which may be especially 318 
true of our nonnative study species, which co-occurs with native congeners in the hammock 319 
habitat of our southern and central sites ( Liu et al. 2007, Stricker and Stiling 2013), including 320 
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our two native study species. Research focusing on PSF of nonnative species which invade 321 
habitats with resident congeners and have a higher shared evolutionary history differ 322 
substantially from studies which simply compare PSF between native and nonnative species, 323 
regardless of their evolutionary history (Suding et al. 2013). For example, in Europe, the fungal 324 
communities associated with the introduced lodgepole pine, (Pinus contorta), was comprised of 325 
those species associated with the local native Scots pine, P. sylvestris; however in South America 326 
where the most closely related native species is in the Nothofagus genus, the fungal communities 327 
of this introduced species were comprised of those found from its native range (Gundale et al. 328 
2016).   329 
Attenuation of enemy release over time has been demonstrated for invasive plants and 330 
soil microbes where they invade (Hawkes 2007;  Diez et al. 2010;  Lankau 2011), likely due to 331 
an increasing chance of soil pathogens arriving from their home range (Hallett 2006). According 332 
to these studies, the time in which attenuation takes to occur is approximately 200 years. It is 333 
possible that E. uniflora experienced enemy release upon introduction, and that enemy release 334 
attenuated over time, however this is less plausible of a hypothesis than pathogen species 335 
"hopping" from the co-occurring native Eugenia species to this nonnative species, as described 336 
in the previous paragraph. E. uniflora has occurred in Florida since 1931 (Gordon and Thomas 337 
1997) as an ornamental plant which was widely planted throughout the state (Langeland et al. 338 
2008), and has only been in the state for approximately 80 years before this study was conducted.  339 
Negative plant-microbe interactions for the nonnative Eugenia uniflora indicates a form 340 
of biotic resistance to invasion (Simberloff and Gibbons 2004;  Kardol et al. 2007), rather than 341 
facilitation by the existing soil biota (Richardson et al. 2000), or enemy release from species-342 
specific soil pathogens (Klironomos 2002). A meta-analysis of paired native and nonnative PSF 343 
16 
 
studies revealed that while native species generally have positive PSFs, nonnative species may 344 
have either positive or negative PSFs (Suding et al. 2013).  345 
The effects of temperature and site on nonnative Eugenia  346 
We explored how plant-microbe interactions varied across current and future 347 
temperatures, as well as current and future ranges for the nonnative study species. We expected 348 
that warming would enhance nonnative plant growth, and that the effect of warming on plant 349 
growth would be enhanced by plant-microbe interactions because microbial activity increases 350 
with temperature. While warming significantly enhanced growth of the nonnative plant species 351 
grown in central and northern soils, the opposite was found for plants grown in southern soils. 352 
Given that the interaction between climate and soil, and site and soil were not significant, these 353 
results do not necessarily reflect plant-microbe interactions. The increased biomass of the 354 
nonnative species in central and northern soils, under warmer conditions, may reflect some other 355 
aspect of the soils from the different parts of the range. Additionally, we expected that there 356 
would be fewer negative interactions from co-evolved soil pathogens outside of its current range 357 
and a net positive plant-microbe interaction in the new range, which we did not find. In accord 358 
with our study, conducted in growth chambers with a difference of 1°C, a greenhouse study 359 
comparing plant-microbe interactions of native and non-native species in the Netherlands found 360 
a temperature difference of 5°C did not influence net plant-microbe interactions of either the 361 
native or closely-related nonnative species (van Grunsven et al. 2010). In a meta-analysis of 362 
natural area responses to global change drivers, mycorrhizal abundances have been found to 363 
increase under warmer conditions, however mycorrhizal activity has been found to decrease 364 
under warmer conditions (Mohan et al., 2014), which may explain this pattern. Given that the 365 
plant-microbe interactions for this invasive species did not change under different temperature 366 
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conditions, it is unlikely that warming significantly increased below-ground pathogens (Van der 367 
Putten et al. 2010), relative to soil microbiota with positive effects.  368 
Native Eugenia-microbe interactions 369 
We expected that native plant species would have negative plant-microbe interactions in 370 
their current range, but positive plant-microbe interactions outside of their current range, because 371 
of a lack of coevolved pathogens in the new range. We found evidence that the native Eugenia 372 
axillaris benefited from soils from their current range relative to E. foetida, however this 373 
relationship switched in the new range, under future climatic conditions. Given that there is a 374 
strong positive relationship between plant-soil feedback and the abundance of plants in the field 375 
(Klironomos 2002), we expect that the abundance of Eugenia axillaris would be greater than 376 
Eugenia foetida in its current range, however, given the trend of a linear decrease of Eugenia 377 
axillaris biomass as it was grown in soils increasingly outside of its range, from south to north 378 
(Fig. 3), it may be less likely to expand its range northward than Eugenia foetida would under 379 
warmer temperatures. 380 
Early successional forest trees have been documented to be dominated by soil pathogens 381 
and root herbivores (Packer and Clay 2000), and so our study species may be more likely to have 382 
negative plant-soil microbe interactions  than other functional groups. Further, arbuscular 383 
mycorrhizal fungal tree systems tend to have negative plant-soil microbe interactions, in general 384 
(Bennett et al. 2017). It is also likely that the degree to which the plant-soil microbe interactions 385 
manifested for our species, grown in growth chambers, was greater than what would be observed 386 
in the field (Schittko et al. 2016).   387 
Germination & Biomass of native and nonnative Eugenia 388 
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Our research addressed the question of whether nonnative species will be better potential 389 
range-expanders than native species because of their propensity to have less negative  soil 390 
microbe-plant interactions, or a net positive plant-microbe interactions, after invading a new area 391 
(Diez et al. 2010). The germination success of the nonnative species, Eugenia uniflora, across all 392 
temperature and soil treatments, underscores the invasive potential of this nonnative species (Liu 393 
et al. 2006;  Langeland et al. 2008;  Stricker and Stiling 2013). Invasiveness may depend on the 394 
physiology of the invaders, and their “pre-adaptations” (Rejmanek and Richardson 1996;  Parker 395 
and Hay 2005). In particular, Rejmanek & Richardson (1996) found that the best measures of 396 
invasiveness of Pinus species were factors of mean seed mass, minimum juvenile period, and the 397 
average time between large seed-producing events, with the most invasive species having lower 398 
average seed mass, shorter juvenile periods, and short times between when large crops of seeds 399 
are released. It is relatively intuitive that these characters confer a greater degree of invasiveness 400 
to a given species. If a species reaches maturity quickly, devotes less energy to each individual 401 
seed, and has short intervals between seed crops, this may quickly result in the outnumbering of 402 
other co-occurring species, especially in disturbed, open habitats. Our invasive study species had 403 
extremely high levels of germination and accrued a large amount of biomass in the twelve weeks 404 
following germination, relative to the native congeners.  405 
The lack of significant differences in germination between native species, site, or soil for 406 
either level of climate may be due to the low power associated with the growth chamber 407 
experiments for the two native species.  Another possibility is there are seeds that will not 408 
germinate regardless of species, site or soil treatments, which would indicate that a hurdle model 409 
is appropriate to use (Cameron and Trivedi 1998).  For those seeds that do germinate, i.e., those 410 
that clear the hurdle, total biomass can then be affected by the treatments. Given the low 411 
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germination success of the native species, especially Eugenia axillaris, future experiments 412 
should increase the number of replicates of the native species to increase the ability to detect 413 
differences in germination. 414 
Plant herbivory for our nonnative study species was found to be higher than that for its 415 
native, co-occurring congeners in a separate study conducted in our southern-most site (Stricker 416 
and Stiling 2012), largely due to a recently introduced nonnative weevil from Sri Lanka, 417 
Myllocerus undatus.  Interestingly, in a study four years prior on the same species and at the 418 
same site, the enemy release hypothesis was supported because significantly more specialized 419 
(oligophagous and endophagous) insect herbivory occurred on the native congeners (E. axillaris 420 
and E. foetida) than on the nonnative invasive E. uniflora (Liu et al. 2007), at a time when the 421 
nonnative weevil was not well-established (Stricker and Stiling 2012). This example may not be 422 
the norm. A meta-analysis of paired invasive and native congeners revealed significantly higher 423 
insect herbivory on the paired native congeners, suggesting that enemy release of above-ground 424 
herbivores on nonnative plant species may facilitate their invasion (Liu and Stiling 2006). 425 
Limitations of 'black box' approach 426 
We used a 'black box' approach, where we added fresh, field-collected soils to sterile 427 
soils for an inoculum of soil biota to the pots, and compared plant responses in these pots to 428 
those where the field-collected soils were sterilized before adding them to the pots. Thus, our 429 
research approach will only indicate the net effect of soil microbial communities on these plant 430 
species, and not which group of soil biota (symbionts and decomposers with positive effects or 431 
pathogens with negative effects) benefited from the experimental treatments. Additionally, by 432 







Future work on these species could characterize the microbial communities found in the soils of 438 
the sites and pots, as well as fungal	and	bacterial	colonization	of	roots,	to evaluate which groups of 439 
soil biota occurred in and benefitted from the treatments.  440 
 Conclusion 441 
The results from this experimental approach uniquely informs our understanding of the 442 
mechanisms that mediate range expansion of native and nonnative species under climate change. 443 
Plant-microbial interactions appeared as a form of biotic resistance to our nonnative study 444 
species, Eugenia uniflora, as evidenced by the negative plant-microbe interactions found across 445 
its current and future range, as well as under different temperature conditions. Eugenia uniflora 446 
had extremely high germination success and growth across all soil and temperature treatments, 447 
underscoring the invasive potential of this nonnative species. Soil microbes benefited our two 448 
native species differently across the current and future range. Outside of their current range and 449 
grown under future spring temperatures, Eugenia foetida benefitted the most from soil microbes 450 
relative to E. axillaris, whereas the opposite was true in their current range of south Florida. This 451 
could have been due to the ability of this species to form new or greater positive generalist 452 
associations with soil biota, an escape from species-specific soil enemies, or variation between 453 
species in plant-soil microbe interactions by geographic region (McGinn et al. 2018).  454 
The exact nature of environmental conditions associated with climatic change that 455 
nonnatives will be able to capitalize on, as compared to native species, are poorly understood 456 
(von Holle et al. 2010;  Willis et al. 2010). While the role of species interactions is likely to be 457 
important in influencing range expansion by both native and nonnative species, few studies have 458 
focused on this (Svenning et al. 2014;  Jones and Gilbert 2016). Specifically, the role of soil 459 
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microbes on species range expansion has not received as much attention as that for its role in 460 
plant community membership (van Grunsven et al. 2007;  Jones and Gilbert 2016). Our study 461 
demonstrates that soil microbiota negatively affect growth of one native and one nonnative 462 
species in habitats outside of their current range, however one native species benefited more 463 
from soil microbes in the new range, and under warmer conditions, than the other native study 464 
species. Clearly more research is needed to elucidate the role of plant-soil microbe interactions on 465 
native and nonnative species, as compared to other factors, to understand the potential for biotic 466 
interactions to govern range expansion in a rapidly changing world. 467 
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Figures and Tables with Captions 483 
Table 1: Experimental Design for growth chambers Eugenia species. Treatment type is in bold and numbers indicate the number of 484 
pots within each treatment.  485 






axillaris foetida axillaris foetida 
Site Site Site Site 
South Central North South Central North South Central North South Central North 
Soil nonsterile 9 9 9 9 9 9 9 9 9 9 9 9 













F E D C 
Site Site Site Site 
South Central North South Central North South Central North South Central North 
Soil nonsterile 7 ̶ ̶ ̶ 7 7 7 ̶ ̶ ̶ 7 7 




Table 2 – Eugenia uniflora biomass effect tests for climate (current, future), site (north, 495 
central, and south) and soil (nonsterile, sterile). 496 
Effect Num DF Den DF F Value Pr > F 
climate 1 2 0.36 0.6111 
Site 2 71 1.21 0.3028 
climate*site  2 71 6.37 0.0029*** 
soil  1 71 29.69 <0.0001*** 
climate*soil 1 71 0.04 0.8451 
site*soil 2 71 0.64 0.5299 
*** - significant at 1% level 497 
 498 
Table 3 – Biomass effect tests for native Eugenia species (axillaris, foetida), site (north, 499 
central, and south) and soil (nonsterile, sterile) at climate = future conditional on 500 
germination.  501 
Effect Numerator df Denominator df F p-value 
Species 1 38 0.92 0.3442 
Site 2 38 4.98 0.0120** 
Species*site 2 38 3.72 0.0333** 
Soil 1 38 0.06 0.8046 
Species*soil 1 38 0.90 0.3480 
Site*soil 2 38 1.87 0.1679 
Species*site*soil 2 38 5.49 0.0080*** 
*** - significant at 1% level 502 






Fig. 1. Total biomass, at the end of the experiment of Eugenia uniflora. Weight of attached seeds 507 
was removed from the total biomass estimation. Statistically significant differences are indicated 508 









Fig. 2. Total biomass of Eugenia uniflora grown in soils from each site, grown under current and 516 
future temperatures. Statistically significant differences (at the 5% level) between current and 517 
future temperatures at each site are indicated by a double asterix (**). 518 
 519 
 520 
Fig. 3. Total biomass of natives Eugenia axillaris and E. foetida, for nonsterile soil, and future 521 
climate. Statistically significant differences (at the 5% level) are indicated by different letters.  522 
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